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Chapter 3. Amplifiers and Signal Processing

3.1 Ideal OP Amps

Q Opamp
* High-gain dc differential amplifier
* Dc power supplies are required
* Usually used with external negative feedback
QO Assume ideal op amp = design circuit = check nonideal characteristics are
important = modify if necessary

RO
Vl V0

o —Ry AV, - V)

. ® V,

Ideal Characteristics

* A= (gain is infinite)

* Vv, =0 when v, =V, (no offset voltage)
* Ry =oo (input impedance is infinite)

* R, =0 (output impedance is zero)

*  Bandwidth = o (no frequency response limitation) and no phase shift

Two Basic Rules

* Rule 1 When the op amp output is in its linear region, the two input terminals are at
the same voltage.

* Rule 2 No current flows into either input terminal of the op amp.

* Saturation of output at slightly lower than power supply voltages

3.2 Inverting Amplifiers
Q Inverting amplifier and input-output characteristic
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e Virtual ground: v_ =0
R R

* Analysis: Vo =—IRf =-v, =T oor Yo _ _TF
Ri v Ri

b Riﬂ = Ri and Rout =0

QO Summing amplifier: v, = —Rj (Vi +V'—2j
Rii R

3.3 Noninverting Amplifiers

Q  Unity-gain follower or buffer: v, =V;, R, =, and R, =0

QO Noninverting amplifier and input-output characteristic
* V_ =Y

* Analysis: Yo _ —_— =14+ —
V; IR R;

Ry, = and Ry, =0
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Q One-op-amp differential amplifier

BBy, Z&(V4 ~Vs)

* Analysis: V5 = 4y
Ry +Ry Ry R4 Ry

e Common-mode rejection ratio (CMRR): CMRR = g—d or 2010g((33—d dB

C c

o Differential mode gain, Gy :%
3

o Common model gain, G, : gain for v; =V,
* Ry, <o (could be small) and R,;; =0

Q Three-op-amp differential amplifier (instrumentation amplifier)

. . . R
b AnalySIS: V3—V4 =|1(2R2+R1), Vl—V2 :Il Rl’ V3—V4:(1+2?2](V1—V2),
1
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R, |R
Vo = (1+2??]R—‘3‘(v2 -v)

* Common-mode rejection ratio (CMRR): CMRR = g—d or 2010g((33—d dB

c c

. . . R, | Ry

o Differential mode gain, Gy =| 1+2—= | —
Ri )R

= Common model gain, G, : gain for v; =V,

Ry, = and Ry =0

3.5 Comparators

QO Simple comparator or Schmitt trigger

R |

Vi o AN 0

Vief © vV VoV + _Vsat -
R

* V>Vt = Vo =Vgg and Vi <V = Vo = +Vgy

* R minimizes overdriving op amp input.

* Sensitive to noise at input

* v;and V. can be interchanged.

QO Comparator with hysteresis
* Positive feedback with R, and R; = hysteresis = insensitive to input noise
* Analysis

R;

=——V = V; must be greater than
Rz + R3 sat |

o Vo=tV = V,

R
Vet + =V to produce vy = -V
R, +Rs
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R
o Vo=Vt = V4 :——3VSat = V; must be smaller than
R, +R;
R;
—Vpof ————V,: to produce v, = +V,
ref R2 N R3 sat o] sat

* R; controls the width of the hysteresis.

3.6 Rectifiers

v
=<

E

Q Full-wave precision rectifier
* V; >0 = D, and D; ON, D, and D, OFF = upper op amp circuit becomes a
noninverting amplifier with gain of 1/x, lower op amp circuit has no effect on

output
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* V; <0 = D, and Dy OFF, D, and D, ON => upper op amp circuit has no effect
on output becomes a noninverting amplifier with gain of 1/x, lower op amp

circuit becomes an inverting amplifier with gain of —1/x
* Variable gain and high input impedance

QO Half-wave precision rectifier
* Upper or lower op amp circuit

R =2kQ Ry =1kQ

1

QO One op-amp full-wave rectifier
* @Gain is a function of load = constant load is required

3.7 Logarithmic Amplifiers

VO
+Vsat “““
Vi
O 7
%10

QO Without boosting

. I . .
* For a transistor, Vgg = 0.06010g(|—cj with reverse saturation current
S

ls =107 A at27°C

* Transdiode configuration: |¢ = \é—' and v, =Vgg = 0.06010g(%)
i S
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e For1077 A<lc <102 A, —0.66 V<V, <-036V

With boosting: same as noninverting amplifier
Temperature compensation for accuracy

Antilog (exponential) circuit: interchange resistor with transistor

© 00O

Applications
* Multiplication, division, power
* Dynamic range compression

e Linealization

3.8 Integrators

QO Integrator
* [Initial condition setting: S; open and S, closed = Vv, =Vj. (inverting amplifier)
and Vv, (0) = —Vvj,

4
* Integration: S; closed and S, open = Vc:éJ‘idt_Vic and i=— =

Vi
0 R

1o
Vo =_E.|‘()Vi dt + vic
* Hold: S; openand S, open = v, is hold
Voliw) _ ¢ _ VijeC 1 _ 1

Vi(jo)  Z R joRC ~ jor

* Drift and saturation problem

* Frequency response:
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Figure 3.10 Bode plot (gain versus frequency) v \\
for various filters. Integrator (I); differentiator // P N
(D); low pass (LP), 1, 2, 3 section (pole); high 1 P
pass (HP);bandpass (BP). Corner frequencies f, /
for high-pass, low-pass, and bandpass filters. //
/
/D
/
0.1
1 10 100 1k

QO Charge amplifier

Frequency, Hz

* Virtual ground = isc =iy =0 = long cable can be used

dx dx

. 1 (b
Y
0

dt
* Drift and saturation problem

dt

* Large feedback resistor

= Prevents saturation

KX
C

o Highpass filter with f, :ﬁ = no frequency response improvement

over voltage amplifier
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R

i, C

| S
i = dqs/dt = Kdx/dt

Piezoelectric isc iR Vo
sensor [@ T

1

3.9 Differentiators

|
1
R
LI
Vi H}—;D_._@ v
C (o]
Q Differentiator
e i—c andv, = —Ri=—rc %
dt dt
i z
* Frequency response: Vol !a)) Sl R =—JoRC =—jor

Viljo)  Z; 1 jeC
O Differentiator output: tends to oscillate and noisy due to amplification of high

frequency components

3.10 Active Filters

Low-Pass Filter
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* Frequency response:

Rf/ja)Cf
Vo) _ Zi _ |(VieCi)+Re| R Rf 1
Vi(jo)  Z R; (1+ joR¢Ct )R, Ri (1+ jor)

o If <</t or f << f, with f; =1/27Z‘Rfo circuit becomes inverting amplifier

with gain —R¢ /R
= If o>>1/7 or f >> f, circuit becomes integrator

e Cutoff frequency or corner frequency: f. = 1/ 27R; Cy

High-Pass Filter

*  Frequency response:

Voio) _ 2 R R G Ri_jor

Vi(jo)  Z,  (VjeC)+R,  1+jeRC, R 1+ jor
o If w<<l1/7 or f << f; with f,=1/22R;C; , circuit becomes differentiator
= If w>>1/7 or f >> f, circuit becomes inverting amplifier with gain —R;¢ / R;

e Cutoff frequency or corner frequency: f; =1/22R,C;
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Band-Pass Filter

*  Series combination of lowpass and highpass filter

e Two cutoff frequencies or corner frequencies: f.; =1/22R,C; and f., = 1/272Rf oF

with fCZ > fCl
o If f << f, circuit becomes differentiator

o If f >> f,, circuit becomes integrator

3.11 Frequency Response
QO For a real op amp, bandwidth is not infinite.

Open-Loop Gain

*  Op amp is multi-stage dc differential amplifier with high gain

e Stray or junction capacitances in each stage = gain attenuation (-1 slope on log-log
plot and —90° phase shift per stage) = slope changes with frequency

* Real op amp has a limited open-loop bandwidth

* Possible oscillation (gain greater than 1 at —180° phase shift)

Compensation

* Add a capacitor (external or internal) = fixed slope of —1 and maximal phase shift
of —90°, open-loop cutoff frequency of about 40 Hz

* No oscillation

Closed-Loop Gain
* Closed-loop gain is usually much smaller than the maximal open-loop gain of op
amp.

* Closed-loop gain is determined by external elements forming negative feedback.
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* Closed-loop gain can never exceed open-loop gain.

Loop Gain
*  Loop gain = (open-loop gain of op amp) — (closed-loop gain of op amp circuit)
o At low frequency: high loop gain, external feedback circuit determines the op
amp circuit
= At high frequency: low loop gain, the op amp circuit follows the op amp open-
loop gain
= High loop gain = high accuracy and stability
*  Measurement of loop gain
o Break feedback loop at any point in the loop
= Inject a signal
o Measure the gain around the loop

o Examples

Unity gain follower: loop gain = open-loop gain

Inverting amplifier with gain of —1: loop gain = (open-loop gain)/2

Gain-Bandwidth Product

*  Gain-bandwidth product = (gain at f) x (bandwidth at f)

*  Unity-gain-bandwidth product is given in specification of op amp
*  Compensated op amp has gain slope of -1 =

Bandwidth of op amp circuit = Unity - gain - bandwidth product in Hz

Op amp circuit gain

Slew Rate

* For an op amp, internal current source has its |, .

. . . ve | vy . .. .
* Change in voltage across the compensation capacitor: dtc =-Hax — dto is limited

C
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dv,

* Slewrate S, =—=
max

* For sinusoidal input, full-power response or maximal frequency for rated output is

fo= S where V,, is the rated output voltage.

or

*  Uncompensated op amp is faster = useful for comparators

Figure 3.13 Op-amp 1M+ Op-amp gain

frequency characteristics Compensated Uncompensated
carly op amps (such as the 709)
were uncompensated, had a 100k T N\ ] =ag

gain greater than 1 when the ‘ TN
phase shift was cqual to —180°, 10k N
and therefore oscillated unless \
compensation was added 1
externally. A popular opamp, § ;L
the 411, is compensated
internally, so for a gain greater
than 1, the phase shift is 100 +
limited to —90°. When
feedback resistors are added to

Loop gain

build an amplifier circuit, the 10 F .
loop gain on this log-log plot is Amplifier circuit gain
the difference between the op- | \ ! . : , .

. . _ T T T T L I I
amp gain and the amplifier 10 100 1k 10k 100k 1M 10M
circuit gain.

Frequency, Hz

3.12 Offset Voltage

QO For areal op amp, v, —V; # 0 to producev, =0.
QO Offset voltage = v, —Vv; # 0 must be considered for small input signals.

Nulling
* Add an external nulling pot.
*  Adjust the pot = increase |g at one input and decrease at the other = v, —v; =0

Drift

e Temperature change (environment or self-heating) = change in offset voltage,

(v, —vy)
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*  Specification
o Maximal offset voltage change per °C such as 0.1 uV/°C

o Maximal offset voltage over a given temperature range such as —25 to +85 °C

Noise
* Semiconductor junctions = noise voltage sources and noise current sources
*  For low source impedance (R, and R, small), v,, dominates.
*  Characteristics

o Random

o At low frequency = amplitude oc 1/ f (flicker noise)

o At midfrequency = smaller amplitude expressed in rms units of V- Hz V2
o Some op amps exhibit bursts of noise (popcorn noise).

3.13 Bias Current

QO Base or gate current to keep transistors turned on = bias current = 0

QO Bias current flows through feedback resistors = smaller resistors are desirable (about
10 k)

Q Caution: current flowing through feedback resistors plus current flowing through
loads must be smaller than op amp output current rating = too small resistors cannot
be used

Differential Bias Current

* Difference between two input bias currents << each bias current

*  Compensation resistor minimizes the effect of bias currents
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- Rin/(Ri+Rf)

Drift
* Change of bias currents due to temperature

*  Compensation resistor also minimizes the effect of bias current drift

Noise

* Noise currents flow through external equivalent resistors.

Figure 3.14 Noise sources in an op amp The noise-voltage source V,, is in series with the
input and cannot be reduced. The noise added by the noise-current sources In can be
minimized by using small external resistances.

s 2 0 12
*  Total rms noise voltage is V; = [{Vn +(inR;)” +(inRy)” +4KTR, +4kTR2} x BW:|
o R; and R, : equivalent source resistances

o v, :mean value of rms noise voltage in V- Hz "% overa frequency range

1/2

@ i, : mean value of rms noise voltage in A-Hz 7~ over a frequency range
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o k: Boltzmann’s constant
o T: temperature, K
o BW: noise bandwidth, Hz
*  Types of op amp
= Small (10 kQ) source resistances = BJT input op amp produces smaller noise
o Large source resistances = FET input op amp produces smaller noise due to
smaller noise current
* Low noise ac amplifier design (noninverting amplifier) by impedance matching
o Characteristic noise resistance is R, =V, /i,

= Set R, =R, using a transformer with turns ratio 1:N where N =(R,/ Rz)l/ ?

3.14 Input and Output Resistance

Input Resistance
*  Op amp differential input resistance, Ry : TQ) for FET, MQ for BJT

*  Amplifier-circuit input resistance, Ry;

= Unity-gain follower: Av, = AAvy = A(Av; —Avy) = AV, = QAV;
+

. Avg  Avi—Ay, Av;

Ali = = =

Rd Rd (A + 1) Rd
AVi
Ry = N = (A+1)Rd ~ ARy, Ry could be >TQ

I

o Noninverting amplifiers: R;; = Ry x (loop gain) , very high, limited by surface
leakage current

o Inverting amplifier: Ry = % = R;, usually small
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Ayl

A

O
=

@]
T
Vi + = R L

Output Resistance

Op amp output resistance, R, = 40 Q

]

Amplifier-circuit output resistance, R,, for unity-gain follower with resistive load
Resistive load, R => change in output current, Ai,

—AVg = AVy = AAVg +AigR, = —AAV, + AigR, = (A+1)Av, = AigR,
— AVO RO RO

=——~—, Ry, could be <10-3 Q
A, A+l AT

o All noninverting and inverting amplifiers: Ry, = Ry / (loop gain), very small,

load resistance is limited by maximal output current of op amp (too small load
resistance = op amp saturates internally)

R4o for unity-gain follower with capacitive load

]

Capacitive load, C| = i, =C_ d_to , limited by maximal output current of op
amp and slew rate

]

]

R, —C_ = lowpass filter = additional phase shift around the loop = possible
oscillation

To prevent oscillation, add a small resistor between v, and C .

Current booster for large output current: op amp + high-power transistors
3.15 Phase-Sensitive Demodulators

QO Consider the amplitude-modulated (AM) signal, vy (t) = X(t) cos@t

Signal: x(t) with maximal frequency much less than f, =w./27
Carrier: cosw t with @, =27f;

http://ejwoo.com

17

Eung Je Woo



Dept. of Biomed. Eng. BME302: Biomedical Instrumentation Kyung Hee Univ.

QO Detection (or demodulation) of the sign
* Envelope detection
o Rectification and lowpass filtering
o Noise at various frequencies cannot be rejected
o Tuned amplifier or bandpass filter can remove some noise.
* Phase-sensitive demodulation or synchronous detection
= Multiplication or switching and lowpass filtering
o Excellent noise rejection
QO Phase-sensitive demodulation for X(t) = coswt

* Assume the following,

Vam (1) = cos st cos(at + 6) v'(t) y(t)

Lowpass Filter

(a’s < @corper < a)c)

Ve (t) =cosat

V'(t) =vam (t)cosat

= X(t) cos(@t + O) coswt

= X(t)%{cos@a)ct +6) +cos 6}
e y)= %cos@x(t)

o If 9« %(2n +1) withn=0, 1,2, ... and @is constant, then we can detect x(t)

from vy (1) = X(t) cosaot .

= Noise not synchronized with v (t) = coswt is rejected.
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(3 o (®)

fc) o (d)

demodulator (a) Switching -1
function. (b) Switch. (c). (e), (g),

(1) Several input voltages. (d), (),

(h), (§) Corresponding output

voltages. ® o ™

Figure 3.16 Functional '
operation of a phase-sensitive © o ®

M o 0)

SRR

\N Y
™

D, D, —° °—"""‘1_°
A

Ve
Figure 3.17 A ring demodulator This phase-sensitive detector produces a full-wave-
rectified output v, that is positive when the input voltage v, is in phase with the carrier
voltage v, and negative when v, is 180° out of phase with v, .
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Q Circuits: analog multiplier, balanced modulator/demodulator, ring demodulator

4 T
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O Example
* (a) x(t) =cos(27t)+3

(b) Vau (t) ={cos(27t) + 3} cos(27 x 30t)
* (c) V'(t) ={cos(27t) + 3} cos® (27 x 30t)

 (e) y(t)= %{005(272’() +3}

3.16 Microcomputers in Medical Instrumentation

Kyung Hee Univ.

Sensors
Y Analog ADC
\_J Signal Processing
— DAC
— 1/0
http://ejwoo.com 21

Microprocessor
System

- User Interface
- DSP

- Control

- Storage

- Communication
- Etc.
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